The EcoRII homodimer engages two of its recognition sequences (5'CCWGG) simultaneously and is therefore a type IIE restriction endonuclease. Here, we present a photocross-linking approach to identify such amino acids of EcoRII that interact specifically with the recognition sequence. We used oligonucleotide substrates with one recognition sequence for EcoRII. In this recognition sequence, we substituted either 5-iododeoxycytidine for each C or 5-iododeoxyuridine for A, G, or T to prepare photo-cross-linking experiments using a UVlaser. We could photo-cross-link EcoRII to the 5'C of the 5'CCAGG strand of the recognition sequence with a yield of 45 %, but not to the 5'C of the 5'CCTGG strand. Obviously, the contact of EcoRII to the bases of the recognition sequence is asymmetric. In this respect, DNA recognition by EcoRII seems to differ from that of most type II restriction endonucleases. Tryptic digestion of free and of cross-linked EcoRII followed by HPLC separation of the individual peptides and Edman degradation identified amino acids 25-49 of EcoRII as the cross-linking peptide. We conclude from mutational analysis of the electron rich amino acids of this peptide, His 36 and Tyr 41 , that Tyr 41 is the cross-linking site and contributes to specific DNA recognition by EcoRII.
INTRODUCTION
Restriction endonucleases are excellent model systems for the study of specific protein-DNA interactions because of their extraordinary specificity and variety in DNA recognition. Type II restriction endonucleases form a homodimer in order to recognize their palindromic, doublestranded DNA recognition sequence. Both subunits form contacts to the recognition sequence with a characteristic 2-fold rotational symmetry. This has been proven by crystal structure analyses of several type II restriction endonucleases in complex with their DNA substrate (1, 2) . The homodimeric EcoRII is a type IIE restriction endonuclease that differs from type II restriction endonucleases by depending on cooperative binding of two of its recognition sequences (5'-CCWGG) for DNA cleavage activity (3) (4) (5) (6) (7) . Type IIE restriction endonucleases, recombinases, DNA repair enzymes, and transcriptional regulators have in common simultaneous interaction with two recognition sequences (8) . It is known that EcoRII shows sequence homology to the Int family of recombinases (9, 10) , but it is not exactly known how EcoRII reflects this relationship in respect to DNA recognition. Another type IIE restriction endonuclease, NaeI, has been shown to have topoisomerase activity when Leu 43 is replaced by Lys (11) . The crystal structures of NaeI and of the NaeI-DNA complex revealed a dimeric nature for NaeI with two domains per monomer, the endo and the topo domain (12, 13) . The endo domain forms a DNA binding motif that is structurally related to other type II restriction endonucleases and harbours the catalytic centre. The topo domain contains a catabolite activator protein (CAP) motif for DNA binding (12) . Both topo and both endo domains each bind one double-stranded DNA recognition sequence (12, 13) . Thus, two different structural motifs of NaeI recognize the same DNA recognition sequence and are assigned to activator and substrate binding site which have also been discussed for EcoRII (3, 8, (14) (15) (16) (17) .
It has been shown by membrane-bound peptide repertoires that one EcoRII monomer contains at least two regions, which are involved in DNA recognition (18 
EXPERIMENTAL PROCEDURES
Wild type and mutant enzyme preparations. Site-directed mutagenesis was performed as described (18) . Mutant enzymes H36A, H36G, and Y41A as well as wild-type enzyme contained a His 6 -tag at the N-terminus. The enzymes were expressed in E. coli JM109 (pDK1r -m + ) and purified to >95 % homogeneity as described (18) . min, and for kinetic experiments for 0-60 min, respectively (25, 27) . Samples of 2 µl were analysed on a 15 % SDS polyacrylamide gel. Gels were silver stained (29) and radioactive bands were detected using a phosphor imager. 
Identification of the photo-cross-linking peptide of EcoRII. Bands of free

RESULTS
EcoRII binding and cleavage of oligonucleotide duplexes that contain a modified recognition sequence
To identify base-specific contacts of EcoRII to the DNA recognition sequence by photo-cross linking, we designed ten modified oligonucleotide duplexes that were 20 bp in length and mono-substituted at each base of the EcoRII recognition sequence. We substituted either 5-iododeoxycytidine (Y) for C or 5-iododeoxyuridine (X) for T, A, or G. Consequently, the substitutions for A and G generated a mismatch. Before photo-cross linking, we tested how these substitutions influenced binding and cleavage by EcoRII. Electrophoretic mobility shift assay of the 32 P-labeled oligonucleotide duplexes showed that the substitution of iodopyrimidines for bases of the recognition sequence interfered with binding of EcoRII at some positions ( Fig. 1) . EcoRII formed complexes with oligonucleotide duplexes where Y was substituted for the 5'C of both strands of the recognition sequence and where X was substituted for the central T. EcoRII also must bind to the oligonucleotide duplex where X was substituted for the central A (not shown), because EcoRII cleaved this oligonucleotide duplex (Fig. 2) . Moreover, EcoRII formed a weak complex with the oligonucleotide duplex where X was substituted for the 3'G of the 5'CCAGG strand. Cleavage of the modified oligonucleotide duplexes by EcoRII supported the results of the shift assays (Fig. 2) . Except We conclude from these data that modified oligonucleotide duplexes that cannot be bound by
EcoRII are unlikely to be cross-linked to the enzyme efficiently.
Photo-cross-linking of EcoRII to the DNA recognition sequence
The base analogues X and Y have often been used successfully for studying protein-DNA binding (20) (21) (22) (23) (24) (25) (26) (27) (28) . Both X and Y are zero-length cross-linkers that can be activated by UV-light at λ = 325 nm. Zero-length cross-linkers minimize cross-links to amino acids of the protein that are in close contact to the DNA within a distance of 3-5 A. In addition, the irradiation at λ = 325 nm, which excites electrons of the carbon-iodine bond in X and Y, avoids the excitation of other nucleic acid and protein chromophores. X and Y cross-link preferentially to electron rich amino acid residues such as Phe, Tyr, Trp, His, and Met (30, 31) . Beyond the presence of a reactive amino acid residue, the orientation of the reacting group influences the yield of cross-link reactions.
We screened the modified as well as the unmodified, radioactively labelled oligonucleotide duplexes that EcoRII bound to for cross-linking after irradiation using a He/Cd laser at λ = 325 nm. Only the oligonucleotide duplex that contained Y at the 5'C position of the 5'CCAGG strand cross-linked to EcoRII with a yield of around 45 % of the total protein.
Irradiation times of 45-60 min resulted in a maximum of photo-cross-linked product (Fig. 3) .
Longer irradiation times led to a decrease of photo-cross-linked and free EcoRII due to 
Mutational analysis of electron rich amino acids of the photo-cross-linked EcoRIIpeptide
To find out which amino acid of the identified EcoRII-peptide formed the photo-cross link, we decided to mutate those amino acids that are electron rich and therefore candidates for cross-linking to halogenated pyrimidines (Phe, Tyr, Trp, His, and Met), (30, 31) . We replaced His 36 for Ala and Gly and Tyr 41 for Ala by site-directed mutagenesis. All three His 6 -tagged mutant proteins were purified to 95 % homogeneity by affinity chromatography. In Figure 6 , electrophoretic mobility shift assays for the mutants showed that Y41A did not form a detectable enzyme-DNA complex. Mutant enzymes H36A and H36G formed an enzyme-DNA complex with the same electrophoretic mobility as the wild-type, but to a different extent. DNA binding affinity of the mutant enzymes H36G and H36A was two and at least five, respectively, orders of magnitude lower than that of the wild-type enzyme (K D = 5 nM, ref. 18). However, mutant enzymes H36A and Y41A retained a low cleavage activity.
Therefore, these mutant enzymes should also be able to bind to DNA substrates with low affinity (data not shown). Mutant enzyme H36G cleaved DNA with an activity comparable to that of wild-type EcoRII (data not shown). We tried then to cross-link the mutant enzymes to the oligonucleotide duplex substituted at the 5'C position of the 5'CCAGG strand (Fig. 7) . By densitometry-analysis of bands of a 12 % SDS polyacrylamide gel, we found that around 19 % of the mutant enzyme H36A and around 33 % of the mutant H36G cross-linked to the oligonucleotide duplex. In contrast, mutant enzyme Y41A did not yield a cross-link at all.
Based on these findings, we concluded that Tyr 41 of EcoRII was the photo-cross-linking amino acid and therefore should play a role in base-specific target recognition by the enzyme. of BglII), (34, 35) . Therefore, Tyr 41 of EcoRII can be considered to interact with the DNA substrate. Because residues of the conserved catalytic centres of restriction endonucleases are typically charged amino acids, two acidic (Asp, Glu) and one basic (Lys), Tyr 41 should not be one of the active site residues (2), but rather involved in DNA binding. by guest on September 1, 2017
